Scalable SLMP coating is developed with simple solution processing method. A solvent and binder system (1% SBRþPS in xylene) is developed for SLMP coating. Long-sustained, uniformly dispersed SLMP suspension has been achieved. 
The explosion of technologies and products using Li-ion battery technology is causing manufacturers and consumers to demand higher and higher energy density and power output for portable electronic devices and electric vehicle applications [1e6] . Worldwide researchers are working to further improve Li-ion battery performance [7e11] . The new generation of Li-ion batteries with high-energy-density alloying anode materials [12, 13] , such as silicon [14e18], germanium [19] , and tin [14] , have attracted significant attention. One limitation when using these materials is the high irreversible capacity loss (20%e40% depending on cell chemistry [20] ), which results in the low coulombic efficiency (CE) in initial cycles [21] . In the effort to design a high-power battery, the reduction of active material particle size to nano-scale can help shorten the diffusion length of charge carriers, enhance the Li-ion diffusion coefficient, and therefore achieve faster reaction kinetics [22, 23] . However, using nano-size active material particles also leads to higher first-cycle irreversible capacity loss due to a larger reaction area for solid state electrolyte interface (SEI) formation. Many researchers have attempted to compensate for this capacity inefficiency, such as excess cathode material loading [24] , increased lithium salt concentration [24] , introducing lithium sacrificial salts [25] , using lithium-rich cathode material [26] and the application of stabilized lithium metal powder (SLMP) [27e29] .
SLMP is lithium metal particles coated with a very thin Li 2 CO 3 layer [30, 31] . This Li 2 CO 3 protective coating enables the SLMP to be handled in a dry room atmosphere, which greatly increases its application. SLMP has a very high capacity of 3600 mAhg À1 and can efficiently compensate for the first-cycle capacity loss with the prelithiation effect. Additionally, SLMP has several attractive uses. Firstly, the SLMP can prelithiate the anode electrode, especially the alloying anode [16e18,32] or nano-scale anode, to compensate for the lithium loss in the cathode during SEI formation to achieve high energy-density and a high-power-density battery. Secondly, SLMP prelithiation can be used to take the place of the electrically charged formation process in Li-ion battery manufacturing. It is well known that the formation process is crucial in forming a good SEI layer, which is crucial in battery performance, but it is an energy and time consuming process. A high-quality SEI layer can be formed during SLMP prelithiation process, in which only SLMP loading, activation, and 48-h of rest are required [33] . Thirdly, SLMP can also work as an independent source of lithium in some nonlithiated cathode materials with high specific capacities [33] , such as reduced graphene oxide/Fe 2 O 3 composite [34] , V 6 O 13 [35] , MnO 2 [36] , and metal fluoride, BiF 3 [29] . These materials are non-lithiumproviding cathodes, and some of them can exhibit very high gravimetric and volumetric energy densities when they are coupled with SLMP prelithiated anodes in a Li-ion battery [33] . Although SLMP have already been proved to be cost-effective in Li-ion device applications [37] , the handling and application of SLMP on the anode surface can be challenging. The Li 2 CO 3 protective layer on the SLMP surface needs to be broken to expose Li metal and enable electrical contact between the lithium and the anode to achieve SLMP prelithiation. Therefore, pressure activation feasibility of SLMP should also be taken into account. In our previous work, efficient activation method of SLMP is studied [18, 33, 38] , and high first cycle coulombic efficiency as well as excellent long-term cycling performance in graphite/LiNi 1/3 Co 1/3 Mn 1/3 O 2 (NMC) full cells. However, the need for SLMP research is not limited to the mechanism study and potential application prelithiation effect of SLMPdit is also needed to achieve a safer, less expensive and scalable process for the Li-ion batteries. Although the spray method has been shown to be effective for SLMP coating, a surfactant needs to be added to improve the SLMP dispersion, and side reactions may occur [39] . In this work, we develop a solution-processed slot dye coating method to achieve uniform and scalable SLMP coating on the anode surface. Also, polymer binders are introduced into the coating solution to assist and maintain uniform SLMP dispersion for prolonged processing time and to act as a binder to affix the SLMP on the anode surface. With the new approach, controllable and uniform SLMP coating can be formed on Li-ion anode surfaces and can be easily activated by applying calendaring pressure. The prelithiation effect of SLMP with this coating method is well demonstrated via the electrochemical performances in graphite/NMC and silicon monoxide (SiO)/NMC full cells.
Experimental methodology

Materials and electrode fabrication
For this research, a graphite anode mixture consisting of graphite (CGP-G8, Conoco Phillips), carbon black (Denka), and polyvinylidene fluoride (PVDF, Kureha America, Inc.) was used. The SiO anode consists of carbon-coated SiO (Hydro-Qu ebec) and poly (9,9-dioctylfluorene-co-fluorenone-co-methylbenzoic ester) (PFM, synthesized in our group). FMC Corporation produces the SLMP. Umicore provides the lithium nickel manganese cobalt oxide (LiNi 1/ (anhydrous, 99.5%), chlorobenzene, toluene, xylene, and poly(-styrene-co-butadiene) (SBR) are provided by Sigma Aldrich. Polystyrene (PS) (with molecular weight of 2,000,000) is purchased from Alfa Aesar.
The anode slurry is composed of 89 wt% CGP-G8 graphite powder, 8 wt% PVDF and 3 wt% acetylene black (AB) and is homogenized with Polytron PT10-3 homogenizer before making the lamination. In this work, the graphite slurry was then coated with a Mitutoyo doctor blade on a Yoshimitsu Seiki vacuum coater. The current collector is an 18-mm-thick, battery-grade copper sheet. Typical mass loading of active material is 6.5 mgcm À2 . After NMP dried off, the electrode was further dried in a vacuum oven at 130 C for 16 h before SLMP loading. The same mixing and coating procedure was applied for the SiO laminate, which is made with 95 wt % SiO powder and 5% PFM conductive binder in chlorobenzene. 
SLMP coating procedure
The binder solution is made by dissolving SBR and PS well in xylene using different weight ratios. Then SLMP is added and well dispersed in the binder solution to form SLMP suspension with SLMP weight ratio of 0.5% (for graphite) and 2.0% (for SiO). The loading amount can be controlled by varying the amount of SLMP in solution. Then the SLMP suspension is coated on the anode laminate with the doctor blade method. The gap for the doctor blade is also tunable to control the SLMP loading on the laminate surface. After the xylene is dried off, the electrode with SLMP coating is calendared with a rolling press (EQ-MR 100A from MTI Corporation) to activate the SLMP. Then the laminate is punched for cell assembling.
Cell assembly and testing
The prelithiation effect of SLMP is tested by making a 2325-type coin cell (parts from National Research Council, Canada). The SLMPloaded cells are assembled in an argon-filled glove box with an oxygen mixing ratio less than 0.2 ppm. The pressure-activated SLMP-graphite and SLMP-SiO are used as anodes. The counter electrodes for the half-cell are a lithium metal disk of 11/16 00 OD (Li foil from FMC-Lithium Company). The electrolyte for the graphite half and full cells is composed of a 1 M LiPF 6 solution in ethyl carbonate (EC) and diethyl carbonate (DEC) with volume ratio of 1:1, purchased from BASF. The electrolyte for SiO half and full cell is composed of a 1 M LiPF 6 solution in ethyl carbonate (EC) and diethyl carbonate (DEC) with a weight ratio of 3:7 containing 30 wt % fluoroethylene carbonate (FEC) purchased from BASF. A Celgard 2400 separator is used. Galvanostatic cycling tests were performed on a Maccor series 4000 cell tester. For graphite and SiO half cells, the voltage window was 0.01e1.0 V. The cells containing pressureactivated SLMP were rested for 2 days at open circuit before cycling to let prelithiation reach equilibrium. For the full cell, the ratio of area capacity for the cathode and anode is 1:1. The capacity of the cell is calculated based on the cathode.
Material characterization
Morphology of the electrode surface is characterized with a JSM-7500F scanning electron microscope at the National Center for Electron Microscopy (NCEM) of Molecular Foundry at Lawrence Berkeley National Laboratory. The viscosity is tested via a DV-E viscometer manufactured by Brookfield. The test is performed at room temperature (23 C).
Results and discussion
Choice of solvent for solution processing method
In the solution processing method, the compatibility between solvent and SLMP is important. Results of previous investigations of SLMP stability in different solvents have shown that SLMP is not compatible with some polar solvents such as 1-methyl-2-pyrrolidinone (NMP) [29] . Only hydrocarbon solvents are stable with lithium metal such as hexane, toluene, and xylene. As for the selection of binders for the SLMP slurry, poly(styrene-co-butadiene) (SBR) has already been successfully used in previous SLMP work. Therefore, SBR was selected as binder for the SLMP slurry first. Both polymer binders can dissolve in the toluene and xylene to form a uniform solution. The ability of binder solution to maintain uniformity of SLMP suspension for long periods of time is very important. Therefore, a solvent with higher viscosity is preferred. The viscosity of toluene and xylene are 0.55 cP and 0.61 cP at 25 C, respectively [40, 41] . This indicates that xylene should be better at sustaining SLMP slurry than toluene. However, neither pure toluene nor xylene is viscous enough to maintain the SLMP dispersion in the slurry. As indicated in Fig. 1 , the particles tend to float onto the surface of the solvent because of the extremely small density of SLMP and low viscosity of the solution. What's more, the SLMP will fly away after the solvent is evaporated because no attachment force exists between the SLMP and the laminate surface if no polymer binder is included. Therefore, in this study, polymer binder is introduced into the solution processing method and its effect on the SLMP coating is further investigated.
Concentration and viscosity of binder solution for sustained SLMP suspension
By introducing the polymer into the solution-processing method for the SLMP coating, the viscosity of the solution can be greatly increased. Therefore a well-dispersed SLMP suspension can maintain uniform dispersion for long handling times. The introduced polymers can act as binders to affix the SLMP on the anode surface after the solvent has evaporated. SBR and PS are selected as the binders in this research. SBR has a strong cohesive ability that can provide good attachment between the SLMP and anode surface [38] . The characteristics of the polymer solution with different SBR concentration (0%, 0.5%, 1%, 3% and 5%) on SLMP coating are studied. The viscosity is tested to be 1.02 cP, 2.52 cP, 15.00 cP, and 36.90 cP for 0.5%, 1%, 3%, and 5% SBR solution, respectively. The same amounts of SLMP are dispersed in each SBR solution to demonstrate the sustained ability of each binder solution for SLMP slurry. Photo images are taken after the slurries are well mixed and rested for different time durations: 0 s, 30 s, and 120 s, respectively. As shown in Fig. 2 , the addition of polymer binder can effectively increase the viscosity of the solution and maintain the uniform distribution of the SLMP in the slurry. It also indicates that the higher concentration of polymer binder solution, the better sustainability of SLMP distribution in the slurry.
The morphology and distribution of the SLMP coating with different SBR concentration are studied with SEM, Fig. 2(deo) . Significant difference is observed among them both at low-and high-magnification images. For the coating with 0.5% SBR, very little SLMP is coated on the anode surface, Fig. 2(def) . This is because the viscosity for the 0.5% SBR solution is too low (1.02 cP) and the difference in density between lithium and xylene is large (the density for lithium is 0.534 gcm À3 , while the density for xylene is 0.87 gcm À3 ). In this scenario, most of the SLMP tend to float on the surface of the coating suspension during the coating process and are mostly removed by the doctor blade. When the SBR concentration increases to 1%, viscosity increases to 2.52 cP; SLMP distribution can be well sustained in the slurry for 120 s, Fig. 2 (aec), and uniform SLMP coating can be achieved on the anode surface, Fig. 2(gei) . Further increasing the SBR concentration to 3% and 5%, the SLMP coating can be as uniform, but the amount of SLMP coated on the laminate surface does not seem to increase much compared to the coating performed with 1% SBR solution, Fig. 2(jeo) . These results show that the ability to sustain SLMP slurry increases with higher viscosity and uniform SLMP coating can be achieved when the viscosity of the binder solution is above 2.5 cP. For the following discussion, binder concentration is set to be 1% with the above optimization. Further efforts will be focused on achieving uniform coating and easy pressure activation. Minor adjustments could be made when other polymer binders are used.
Choices of binder species for high-efficiency pressure/calendar activation
Another important issue that needs to be addressed for the application of SLMP is the activation process. An easy-pressure activation method was developed in previous studies [33] . But when the polymer binder is introduced in the processing method, activation feasibility and efficiency have to be re-evaluated. When examining the SEM images of SLMP with 5% SBR binder, a polymer shell is observed on the SLMP surface, Fig. 2(l) . In comparison, this polymer shell is not observed at 1% binder solution, Fig. 2(f, i) , and minimal shell is observed on SLMP coated with 3% SBR, Fig. 2(k, l) .
The primary question for process development is if this thin polymer shell has any negative effect on the pressure activation process. Therefore, the SEM morphology of SLMP-coated anode before and after adding electrolyte is studied in Fig. 3 , and 3% concentration of the polymer binder is used to demonstrate the effect of this polymer shell.
By applying adequate pressure to the SLMP-coated anode, most of the Li 2 CO 3 coating of SLMP can be smashed, as shown in SEM images in Fig. 3(a, b) . After immersing the pressure-activated, SLMP-coated anode in the electrolyte for 48 h, the prelithiated anode is observed via SEM again. The smashed SLMP particles disappear from view in Fig. 3(c) . But, taking a closer look using a high-magnification SEM image, a few un-reacted SLMP particles can be found, as shown in Fig. 3(d) . The oblate morphology suggests that these particles have been exposed to pressure, but that the lithium is not directly electrically contacted with the electrode; they did not react with the anode and electrolyte. Because SBR is well known for high elasticity, the shell is not efficiently broken under pressure. The SBR shell on the SLMP surface prevents the electrical contact between the lithium core, anode, and electrolyte and leads to insufficient pressure SLMP activation. There are two ways to eliminate this inefficient activation caused by the polymer binder shell. First, by lowering the binder concentration, there is less chance to form a complete shell. But lower binder concentration may result in other issues, such as nonuniform SLMP dispersion, poor sustainability, and poor attachment on the anode surface. Second, choosing a polymer binder with less elasticity as alternative is important for this application. The commercially available polystyrene (PS) is introduced. The transition temperature (Tg) is 95 C for PS and À65 C for SBR, which indicates that PS is more brittle and easier to break compared to SBR, largely helping the pressure activation process. Additionally, PS with high molecular weight was easily obtained, so a higher viscosity PS solution can be obtained than SBR when the concentration is the same.
Three sets of binder solution (1% PS, 1% SBR, and 0.5% PS with 0.5% SBR) are introduced to optimize the binder composition for easier pressure activation. The SEM images of SLMP loading on graphite surface before, after calendaring, and after immersing in electrolyte for 48 h with 1% PS, 1% SBR, and 0.5% PS with 0.5% SBR binder solutions are shown in Fig. 4 . Uniform SLMP coating is observed for SLMP coating with 1% SBR and 0.5% PS with 0.5% SBR binder solutions, Fig. 4(b, c) . The uniformity of SLMP coating will be discussed in the next section. The SLMP is smashed on the graphite surface after calendaring and the anodes have similar morphology with different binder solutions, Fig. 4(def) . After the calendared electrodes are immersed in the electrolyte for 48 h, all the smashed SLMP particles disappear from SEM view. Almost none of the residual SLMP, found in Fig. 3(d) , is observed under the highmagnification SEM observation of SLMP coating with 1% PS solution and 0.5% PS with 0.5% SBR solution, Fig. 4(g, i) . Only two residual SLMP particles are observed in Fig. 4(h) . This indicates that the optimized binder solutions, which partially or totally use PS as polymer binder, have positive effect in achieving high-pressure activation efficiency.
Uniformity of SLMP coating with optimized binder solution
To investigate the sustainability of the three binder solutions, SLMP slurries are made with the 1% PS, 1% SBR, and 0.5% PS with 0.5% SBR solutions, respectively. The viscosity of the binder solutions with 1% PS, 1% SBR, and 0.5% PS with 0.5% SBR is 4.83 cP, 2.52 cP, and 3.60 cP, respectively. This further suggests that PS with high molecular weight can lead to higher viscosity. Photo images of the SLMP suspension are taken after different time durations for 0 s, 30 s, and 120 s in Fig. 5(a, b, and c) . These images show that, in all three solvents, SLMP are uniformly distributed for longer than 120 s. The phase separation of SLMP slurry begins to be observable after 5e6 min. Since this work is aimed at designing a slurry composition for a continuous coating procedure performed right after the slurry is mixed, it indicates that this composition of this polymer binder offers enough time to process the homogenously dispersed SLMP suspension with the continuous coating procedure.
The doctor blade method is performed for coating SLMP slurries in binder solution (1% PS, 1% SBR, and 0.5% PS with 0.5% SBR in xylene). Photo images of SLMP-coated graphite anodes with different binder solutions exhibit their abilities in achieving uniform SLMP coating and good SLMP attachment. In the three binder solutions, the sustainability of SLMP slurries is comparable and the appearances of SLMP coatings are similar before solvent evaporation. The SLMP coating with 1% PS binder solution exhibits poor attachment on the electrode surface. Most of SLMP particles tend to float to the edge instead of attaching on the anode surface after the solvent evaporates, Fig. 5(d) . However, the 1% SBR and 0.5% PS with 0.5% SBR binder solutions show that a uniform SLMP coating and good attachment of SLMP on the anode surface can be achieved after the solvent evaporates. The reason for this difference is that the transition temperature (Tg) is 95 C for PS and À65 C for SBR. Glass transition temperature is the temperature below which the polymers are in glass phase and the polymer structure is rigid. Therefore, at room temperature (25 C), the PS is in a brittle glassy state, and cannot act as soft glue; but the SBR is in soft, flexible rubbery state, and can act as an effective glue to affix SLMP on the anode surface. The effective attachment of SLMP with SBR binder is partly due to the high flexibility of the SBR chemical structure. In the case of 1% PS without SBR, poor SLMP attachment is caused by the rigid PS structure. To overcome this problem, both polymers are used, combining the PS and SBR into a mixed-binder solution. The flexible SBR can help to achieve a good SLMP attachment, while the rigid PS can help to achieve much easier pressure activation. Therefore, with the overall consideration of achieving long sustained SLMP slurry, uniform SLMP coating, good SLMP adhesion, and easy activation, the best composition of binders and solvent combination is 0.5% PS with 0.5% SBR binder in xylene solution for the processing method. This superb coating effect is shown in Fig. 5(f) .
Prelithiation effect in graphite/NMC full cell
Two types of cell chemistry have been used to demonstrate the prelithiation effect of SLMP coated with this solution processing method: graphite/NMC full cell and high-energy-density SiO/NMC full cell. The prelithiation effects of SLMP on graphite/ NMC full cells and graphite half cells are plotted in Fig. 6 . Fig. 6(a) is the first-cycle voltage profile for the graphite/NMC full cells with and without SLMP prelithiation. In the voltage region below 3.5 V, the cell without SLMP prelithiation shows charge capacity that corresponds to the lithiation of the graphite anode with the SEI formation in the first cycle. In cells with SLMP prelithiation, SEI has been formed in the prelithiation process before cycling and the graphite has already been partially lithiated; open-circuit voltage starts from 3.5 V and almost no capacity is shown below 3.5 V. The lithium ion loss in the full cell during SEI formation can be compensated by the addition of SLMP so that the first-cycle columbic efficiency is increased to 87.8%, which is higher than the 82.35% for graphite/NMC cells without SLMP prelithiation (as calculated from Fig. 6(b) ). Also, the cycle stability of the graphite/ NMC full cell can be greatly improved with the SLMP prelithiation. This indicates that the failure mechanism of irreversible lithium loss in the full cell can be partially compensated by the addition of the extra lithium ion from SLMP. The prelithiation effect of SLMP on the anode can also be observed in the voltage profile of the graphite half cell, Fig. 6(c) . The voltage plateau at 0.7e0.8 V in the half cell without SLMP prelithiation indicates the SEI formation at the beginning of lithiation process. The starting voltage of SLMP prelithiated half cell has already reached lower than 0.3 V, Fig. 6(c) , which further proves that the SEI formation has been achieved in the SLMP prelithiation process. Cycle performances of graphite and the NMC half cells are shown in Fig. 6(d) and (f), respectively, along with the voltage profile of the NMC half cell for reference, Fig. 6 (e).
Prelithiation effect in SiO/NMC full cell
The prelithiation of SLMP becomes crucially important in other high-energy-density anodes, such as Si or SiO, etc., because of their up to 40%e50% first cycle coulombic loss. The prelithiation effect of SLMP is demonstrated by SiO/NMC full cell with the solution processing method of SLMP coating, Fig. 7 . The SiO anode is composed of SiO nanoparticle (95 wt%) with conductive binder (PFM, 5 wt%). Significant improvement is observed in the SLMP prelithiated full cells, Fig. 7(b) . The first cycle CE increases from 56.78% (without SLMP prelithiation) to 88.12% (with SLMP prelithiation) with this solution processing method. This is because that, in the full cell design, the lithium ion in the cathode is accurately calculated to match the capacity of the anode and not much excess lithium ion exists. The formation of SEI in the first few cycle will consume most of the excess lithium ion and the long term cycle ability will suffer due to the lithium ion loss. Furthermore, lithium ion consumption during the SEI formation is much higher in the SiO anode than in the graphite anode. Without the prelithiation of SLMP, the SiO/NMC full cell can only start with a capacity of~110 mAhg À1 and drop tõ 80 mAhg À1 after 100 cycles (based on cathode weight). With the prelithiation of SLMP, the SiO/NMC full cell can maintain a reversible capacity of 130 mAhg À1 for more than one hundred cycles.
With the coating of SLMP on the anode of the full cell, a wellcalculated amount of lithium ion is added into the system, compensating for lithium ion loss during SEI formation. In this way, a significant improvement in cycle ability can be observed in the SiO/NMC full cell.
Conclusion
This work introduces a simple solution processing method to achieve large-area, uniform SLMP coating on a well-made anode surface for the prelithiation of lithium-ion batteries. By optimizing the composition of the binder solution, the SLMP can sustain uniform distribution in the slurry to carry out the coating process. By adding polymer binders, the SLMP can be fixed on the anode surface for easy transportation before activation. Considering sustainability and coating performance, the SLMP adhesion, and the ease of activation, the best composition of binders and solvent combination is 0.5% PS with 0.5% SBR binder in xylene solution for the processing methoddresulting in a superb coating effect. The prelithiation effect with this method is applied both in graphite half cells, graphite/NMC full cells, SiO half cells, and SiO/NMC full cells with improvements in cycle performance and higher first-cycle coulombic efficiency than their corresponding cells without SLMP prelithiation. These results demonstrate that this method is both effective and has wide applicability in different anode systems with different cell chemistries.
